Effect of solvent quality on the dispersibility of polymer-grafted spherical nanoparticles in polymer solutions J. Chem. Phys. 137, 094901 (2012) We present the results of combined experimental and theoretical (molecular dynamics simulations and integral equation theory) studies of the structure and effective interactions of suspensions of polymer grafted nanoparticles (PGNPs) in the presence of linear polymers. Due to the absence of systematic experimental and theoretical studies of PGNPs, it is widely believed that the structure and effective interactions in such binary mixtures would be very similar to those of an analogous soft colloidal material-star polymers. In our study, polystyrene-grafted gold nanoparticles with functionality f = 70 were mixed with linear polystyrene (PS) of two different molecular weights for obtaining two PGNP:PS size ratios, ξ = 0.14 and 2.76 (where, ξ = M g /M m , M g and M m being the molecular weights of grafting and matrix polymers, respectively). The experimental structure factor of PGNPs could be modeled with an effective potential (Model-X), which has been found to be widely applicable for star polymers. Similarly, the structure factor of the blends with ξ = 0.14 could be modeled reasonably well, while the structure of blends with ξ = 2.76 could not be captured, especially for high density of added polymers. A model (Model-Y) for effective interactions between PGNPs in a melt of matrix polymers also failed to provide good agreement with the experimental data for samples with ξ = 2.76 and high density of added polymers. We tentatively attribute this anomaly in modeling the structure factor of blends with ξ = 2.76 to the questionable assumption of Model-X in describing the added polymers as star polymers with functionality 2, which gets manifested in both polymer-polymer and polymer-PGNP interactions especially at higher fractions of added polymers. The failure of Model-Y may be due to the neglect of possible many-body interactions among PGNPs mediated by matrix polymers when the fraction of added polymers is high. These observations point to the need for a new framework to understand not only the structural behavior of PGNPs but also possibly their dynamics and thermo-mechanical properties as well. C 2015 AIP Publishing LLC.
I. INTRODUCTION
In recent years, soft nanocolloids have generated significant interest, especially due to their tunable strength and range of interactions. [1] [2] [3] [4] [5] Their structural and dynamical phase behavior has been shown to be significantly more diverse and richer than that of corresponding hard sphere colloids. [5] [6] [7] [8] [9] [10] Star polymers and polymer grafted nanoparticles (PGNPs) constitute an important class of such soft nanocolloidal particles, for which some work has emerged recently where the structure and dynamics of either the pristine colloids or their binary mixtures have been investigated. 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Extensive research on star polymers over the last decade has led to the emergence of a reasonably good understanding of the microscopic origins of their observed phase behavior, including prediction and verification of an effective interaction potential between these entities. 5, [19] [20] [21] Unfortunately, the same cannot be said for PGNPs, a) Electronic mail: basu@physics.iisc.ernet.in despite the fact that they are also widely accepted as a prototypical additive in polymer matrices to create novel functional polymer nanocomposites (PNCs). [1] [2] [3] [4] 15, [22] [23] [24] [25] [26] [27] Understanding the phase behavior of such systems is of paramount importance given their enormous technological relevance. Several groups have reported structural, dynamical, thermal, and mechanical properties of systems with different concentrations of PGNPs in a polymer matrix. 1, 3, 4, 6, 7, [15] [16] [17] [23] [24] [25] [26] [27] [28] However, till date, with the exception of a recent investigation by Meng et al. 18 for PGNPs in polymer melt, no model effective interaction potential exists, probably because of the perception that this effective potential would be, essentially, same as that for star polymers due to their structural similarity. 6 Though there is a wealth of information on PGNP melts, surprisingly, very few studies of PGNPs in solution exist. 10 Such studies, especially the structural aspect, would be highly desirable to obtain insight into the nature of effective interactions between such soft nanocolloidal particles whose interaction could, presumably, be tuned by a range of parameters, such as graft chain length, density, and core-to-corona size ratio or by using polymer additives of various sizes and concentrations.
It is now well accepted 1,2 that if the graft and matrix chains are of similar chemical structure, then the structure of PGNPpolymer composites is controlled by entropic contributions which, in turn, are determined by a multitude of parameters, such as the grafting density, size ratio between particles and matrix polymers, and that between matrix polymers and graft polymers. Initial simulation studies 18, 29, 30 confirm this picture. Recently, we have shown that PGNPs in both melt 7 and concentrated solutions 10 exhibit unusual structure and dynamic behavior not seen in their conventional counterparts. The current work is motivated by these observations. We have studied the structure of suspensions of PGNPs with functionality f = 70 and their mixtures with linear polystyrene (PS) of two different molecular weights for obtaining the size ratios, ξ = 0.14 and 2.76 (ξ = M g /M m , where M g and M m are the molecular weights of the grafting and matrix polymers, respectively). These results have been obtained using small angle x-ray scattering (SAXS) measurements and molecular dynamics (MD) simulations. In the absence of any well-accepted effective potential for PGNPs, we have used two different effective potentials: (a) the potential developed by Likos and coworkers 21 for the interaction between star polymers and linear polymers (Model-X), and (b) the effective force between two PGNPs dispersed in a dense polymer matrix, obtained by Kumar and coworkers 18 (Model-Y). Both these potentials are found to provide a reasonable description of the behavior of mixtures for ξ = 0.14, but the behavior of systems with ξ = 2.76 could not be captured for blends with high concentrations of added polymers. Based on our MD simulation results and effective interactions between PGNPs in polymer mixtures obtained from Model-X using integral equation theory (IET), we suggest that the failure of the models for higher densities of added polymers is due to questionable assumptions in both models, viz., simplified description of a linear polymer as a star polymer with f = 2 in Model-X and the limitation of considering only two PGNPs in the simulations used to construct Model-Y. This observation indicates the need for better models for understanding the effective interactions and phase behavior of PGNP systems.
II. METHODS

A. Sample preparation and sample details
The results presented here are based on concentrated solutions (concentrations of the order of the overlap concentration, C * and above) of binary mixtures of PGNPs and linear polymers in toluene. Gold nanoparticles grafted with thiol terminated polystyrene were synthesized using methods described earlier. 6, 7, 31 The PGNPs were well characterized by various techniques such as transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and dynamic light scattering (DLS). TEM images of the PGNPs along with the corresponding histogram for indicating the size polydispersity are shown in Fig. 1 . The hydrodynamic radius, R h , of PGNPs was obtained from DLS. The functionality f of the PGNPs is obtained using the following relation:
where N chain is the total number of chains for a given mass of the PGNPs, and N core is the total number of cores. N chain and N core can be found using Equations (2) and (3), based on the experimental parameters
where W Au and W g are the masses of gold core and grafting polymer respectively, as obtained from TGA, M g is the molecular weight of the grafting polymer, and R c is the radius of the gold core (obtained from TEM). The defining characteristics of PGNPs are tabulated in Table I . In the melt state, two important factors define the dispersion state of a particle in a polymer matrix:
1,2,23 Entropy of mixing and stretching energy of matrix polymer chains. The entropy of mixing or the configurational entropy always favors dispersion. On the other hand, to accommodate a particle, the matrix chains have to stretch, costing an energy penalty which increases with increasing particle radius. For particles grafted with polymer chains, the graft/matrix interactions are TABLE I. Properties of PGNPs. R c is the radius of the core (gold nanoparticles), M g is the molecular weight of the grafting polymer, R h is the hydrodynamic radius of the PGNP, and f is the functionality of a PGNP.
primarily dependent on the grafting density, M g and M m . In our case, the grafting density is constant, and hence, the relative molecular weights should play a deciding role in the graft/ matrix interactions. When, M g > M m (ξ > 1), the matrix chains can interpenetrate with the graft chains and wet the graft layer. On the other hand, for M g < M m (ξ < 1), the host chains have to pay a higher cost to interpenetrate with the graft chains. This induces an excluded volume around the PGNP-polymer interface which in turn creates a driving force for the PGNPs to aggregate (for minimizing the contact area). This eventually creates a macro/micro-phase separated state.
To understand the importance of ξ on the structure of PGNPs-polymer suspensions, we have chosen two different molecular weights for the linear polystyrene for obtaining two different ξ values (ξ < 1 and ξ > 1). PGNPs were dissolved in toluene by constant stirring to form homogeneous solutions. The linear polymers (polystyrene of molecular weights 19.2 and 382 kg/mol) were also dissolved in toluene in similar way. For all the mixtures, the fraction of PGNPs was fixed at 0.17. The solutions (PGNP in toluene and PS in toluene) were then mixed in various proportions to obtain the samples described in Table II . To make it easier to remember the absolute concentration of polymer in the PGNP-polymer suspensions, we have named the samples in the following way: Yi, where, Y denotes the molecular weight of the polymer added in relation to the molecular weight of the grafting agent, i.e., H for higher molecular weight (382 kg/mol) and L for lower molecular weight (19.2 kg/mol). The number index i denotes the relative concentration of the polymers added. For example, H1 contains less polymer than H2, which in turn contains less polymer than H3.
B. Small angle X-ray scattering measurements
Small angle x-ray scattering measurements were performed at the P-10 beamline of PETRA-III, Deutsches Elektronen Synchrotron (DESY) at a temperature of 190 K using Xray beam of energy 8.0 keV. For collecting the SAXS data, the suspensions were filled in capillary tubes (of diameter 1 mm). A beam size of 20 × 20 µm 2 was used for the measurements and the scattered beam was recorded on Pilatus 300 K detector as described elsewhere. 32 As PGNPs are athermal systems, the temperature is not expected to play any significant role in determining the nature of the interactions. In general, the scattered intensity can be written as where q is the scattering wave vector, N p is the number of PGNPs (considering only the gold cores), ∆ρ (=ρ Au − ρ PS ) is the scattering contrast, P(q) is the form factor of PGNPs, and S(q, N p ) is the structure factor. The form factor P(q) depends on the shape and size of the basic scattering entities, which in our case are the PGNPs. As described earlier, the shape and size of the PGNPs have been determined using TEM (Fig. 1) . TEM images of the PGNPs clearly remove the shape effect as the PGNPs are quite spherical. At infinite dilution (N p → 1), the scattering due to the inter-particle correlations can be neglected and only the size and shape of the PGNPs contribute to the scattering. Hence,
A common functional form for fitting P(q) of the star polymers is given by Alessandrini and Carignano 33 and Beaucage, 34, 35 
where V w , R denote the molar volume and radius of gyration of the scattering entity, respectively. The exponent d defines the fractal dimension of the scattering entities: 4 > d > 3 for surface fractals, d < 3 for mass fractals, and d > 4 for diffuse interfaces. The first term in the right hand side is the Guinier term denoting the longest length scale (lower q) responsible for scattering, whereas the second term that dominates at higher q or at small length scale represents monomer correlations. The prefactor B of the second term depends on the excluded volume interactions and its screening. We will use Equation (6) for modeling the form factor of PGNPs, treating V w , R, B, and d as fit parameters. Using Equations (4) and (5), we obtain the following expression for the structure factor S(q, N p ):
For convenience, S(q, N p ) will be written as S(q) throughout the paper. The primary peak position, q * , of the structure factor S(q) provides a measure of the inter-particle spacing between PGNPs.
C. Simulation details
We have performed constant total number of particles (PGNPs or PGNPs and matrix polymers), volume, and temperature (NVT) MD simulations for 1000-8800 particles. The temperature was kept fixed using the Brown-Clarke thermostat. 36 Periodic boundary conditions were used in all three directions. As briefly mentioned earlier, we have performed MD simulations using two model potentials for the binary mixtures. (a) Model-X, which is a model potential for star polymers in polymer matrix, with explicit forms for the interactions between star polymer-star polymer, linear polymerlinear polymer, and star polymer-linear polymer. This model has been adapted from Ref. 21 . PGNPs are assumed to behave as star polymers in our computations. 6 (b) Model-Y, which is a model potential 18 that describes the effective force between two PGNPs dispersed in a dense matrix of polymers. This model has been adapted from Ref. 18 . For the sake of completeness, we describe both the models and the evaluation of different parameters, especially for Model-Y.
In the first model potential 21 (Model-X), the PGNP-PGNP effective interaction, in a good solvent, is given by
where Ψ( f ) = (5/18) f 3/2 , σ n is the corona diameter of a PGNP, f is the functionality, and k B is the Boltzmann constant.
In Model-X, a linear polymer has been modeled as a star polymer with f = 2. 21 The potential form of star polymers with small f differs from that with large f only at large distances where it decays as a Gaussian rather than a Yukawa form. The corresponding polymer-polymer interaction form is given as
where µ = 1.03/σ p and σ p is a measure of the size of a polymer. The PGNP-polymer interaction is given as
Here,
and A α is a normalization constant. We have used κ α = 1.27/σ α following Ref. 21 . K and ν 0 are constants whose values are determined by the requirement of the continuity of V n p (r) and its first derivative at r = σ n p .
All quantities are expressed in reduced unit. Unless stated otherwise, time and length are expressed in unit of  m n σ 2 n /k B T and σ n , respectively, where T is the temperature. Time steps dt = 0.005 were used in our MD simulations. The systems were first equilibrated for 1-4 × 10 6 MD steps and various quantities of interest were calculated from production runs of 1-4 × 10 6 time steps. For Model-X, we have used N = 2000 for pure PGNPs in our simulations. We compared the results for N = 2000 and N = 1000 and no system size effect was observed. This is intuitive since the density of pure PGNPs (0.17 in reduced units) is small. For PGNP-polymer suspensions, we TABLE III. Parameters for simulations using Model-X. N n and N p are the number of PGNPs and polymers, respectively. Pure PGNP  2000  0  H1  8800  1467  H2  8800  2200  H3  8800  4400  L1  5500  5000  L2 sample1  6400  6000  L2 sample2  6300  6000  L2 sample3  5100  5000  L2 sample4  7100  7000 have performed MD simulations using N = 5500 to 8800 particles (PGNP + polymer). The exact numbers of PGNPs and matrix polymers used in our simulations have been shown in Table III . We have compared the structure factors obtained for both Model X and Model Y using the Brown-Clarke thermostat with those obtained in the microcanonical ensemble and found no difference between the two sets of results. This clearly indicates that the structures obtained from our simulations are not sensitive to fluctuations in the kinetic energy which are neglected in the isokinetic Brown-Clarke thermostat. In the second model potential (Model-Y), we adapt the effective force between two PGNPs obtained by Meng et al. 18 They obtained the effective force from bead-spring coarsegrained MD simulations in the presence of a large density of matrix polymers. The effective form of the force is found to depend on the size ratio ξ. For ξ = 1, the form of the effective force is a power-law, which is given as
In this expression, the distance r is measured in units of σ, the "monomer size," and a is the size of a PGNP in the same unit. A prefactor of dimension [energy]/ [length] has been set to unity, thereby defining the scale of the temperature. In our simulations, we have used a cutoff of a/[4.5
. This cutoff ensures that the value of the potential at the cutoff is the same as that in the case of a potential of the form (a/r) 12 with cutoff 4.5a. Table IV shows the different parameter values and particle numbers used to simulate PGNPs. These parameter values have been obtained by trial and error.
For ξ = 1/7, the effective force takes the following form:
where the lengths r, a, and e 0 and M m = 70m 0 , i.e., ξ = 1/7, where m 0 is the monomer mass of polystyrene or grafted polymer. We have used a grafting density Σ = 0.76 chains/σ 2 which corresponds to f = 60 in Model-Y, while in our experimental system, the value of f is 70. Simulations with Model-X have been performed with f = 73. A small difference in f should not have any significant effect on the structure of PGNP composites.
D. Integral equation theory
The radial distribution function g α β (r) of PGNP-polymer mixtures was obtained by solving the Ornstein-Zernike 39, 40 equation
where h α β (r) = 1 − g α β (r) and c α β (r) is the direct correlation function, along with Rogers-Young (RY) 41 closure, which is an interpolation between Percus-Yevick 42 and hypernetted-chain (HNC) closures and is given by
where f(r) is a "switching parameter" that can be written as
The value of α RY is determined from thermodynamic consistency, i.e., by requiring that the compressibility obtained using the virial equation of state is the same as that from the compressibility equation of state. 40, 43 Equations (14) and (15) are solved iteratively to obtain g α β (r).
Once the radial distribution function g α β (r) is determined, the structure factor can be estimated as
where
N is the concentration of α species, N α being the number of α particles.
III. RESULTS AND DISCUSSIONS
A. Experiments
Small angle x-ray scattering data for PGNP suspensions were collected for various concentrations of PGNPs (φ p ) in toluene. The data for five representative concentrations are shown in Fig. 2(a) . The peaks observed in Fig. 2(a) inter-particle spacings of PGNPs at the respective concentrations. It could be observed that with increasing concentration the peak shifts to a higher q indicating a reduction in interparticle spacing, as expected for homogeneous systems. As described earlier, the scattering data for dilute suspensions, where multiple scattering effects could be safely neglected, provide information about the molecular weight, size, shape, and mass distribution. The scattering data for a dilute PGNP suspension are fitted to Equation (6), as shown in Fig. 2(b) . R obtained from fitting the data is 170 nm, which is close to the expected mean inter-particle distance at the fraction used. From Fig. 2(b) , it is clear that the form factor of the PGNPs could be well described by Eq. (6), which is originally developed for star polymers. This observation establishes the structural similarity of PGNPs with star polymers. The scattering data (I(q) vs q) for the fraction φ p = 0.02 are used as P(q) for obtaining the S(q) for other samples (see Eq. (7)).
For the investigation of binary mixtures, the volume fractions of pure PGNP solutions are kept constant at 0.17 which corresponds to an interparticle spacing of 26 ± 3 nm, which is approximately half of the hydrodynamic diameter 2R h (see Table I for the R h value) of the PGNPs. These concentrations ensure a sufficiently strong overlap between the PGNPs allowing for manifestations of the effective interaction, and its possible modifications due to added polymers, through their structure. Figure 3 shows the S(q) for all the PGNPpolymer suspensions (see Table II for the concentrations of polymers) studied in this work. The structure factor S(q) provides information about the structure of PGNPs and polymers in the suspension. The position of the first S(q) peak (q * ) can be used to obtain the inter-particle spacing, d, i.e., d = 2π/q * . The inter-particle spacing obtained for the pure PGNP suspensions is 30 ± 1 nm. The inter-particle spacing calculated from the initial volume fraction is, within the error, the same as the spacing obtained from the value of q * . This indicates that the PGNPs in the pristine PGNP suspension (without added polymers) are homogeneously dispersed and the possibility of formation of any clusters can be safely omitted. Now let us turn our attention to the structure of PGNPpolymer suspensions. The S(q) data for all the PGNP-polymer suspensions were obtained by normalizing the scattering data with the P(q) of PGNPs and are shown in Figs. 3(a) and 3(b) . For the mixtures with both higher (H) and lower (L) molecular weights of the added polymers, with the addition of minimum density of polymers (L1, H1), the position of the first peak of S(q) shifts towards lower q and the height of the first peak decreases. The shift in q * indicates a homogeneous distribution of PGNPs and polymers, while the diminishing peak height of S(q) indicates that the addition of polymers perturbs the core-core correlations, i.e., the system gets disordered. Upon further addition of polymers, there are no obvious shifts in the peak to lower or higher q, i.e., there is no significant difference in the q * between the samples from L1 to L3 and H1 to H3. For a homogeneous dispersion of PGNPs and polymers, the q * is expected to further shift towards lower q. The fact that this is not observed might indicate the formation of clusters or domains of PGNPs in the suspension. For other similar systems like colloid-polymer mixtures and star polymer-polymer mixtures, it is well-known that with increasing fraction of added polymers, depletion induced attraction between the colloids (or star polymers) leads to phase segregation and eventual shift in the S(q) peak to higher q values. 15, [44] [45] [46] [47] For systems with depletion interactions, it is shown that the height of the primary peak of S(q) increases with increasing the fraction of added polymers while q * simultaneously shift to higher q values. Such features are absent in our structure factors. Hence, the presence/absence of depletion induced attractions is not sufficiently clear from the data. This aspect will be discussed later after considering the simulation results. It is also important to note that with the addition of polymers, S(q) behaves similarly for both ξ < 1 (H) and ξ > 1 (L). For PNCs, the ξ < 1 regime leads to aggregation of PGNPs while the opposite regime leads to the formation of stable dispersions. Hence, one would have expected to see corresponding signatures in S(q), but the data do not show any qualitative difference between the behavior of S(q) for ξ < 1 and ξ > 1. It is possible that our S(q) data obtained for relatively large values q do not pick up the signatures of the occurrence of aggregation of PGNPs in the ξ < 1 cases. The simulation results described in Sec. III B provide important information about this possibility.
B. Simulations
As described earlier, there is a scarcity of model potentials that can be used in simulations for determining the collective properties of PGNPs. In this work, we use two existing model potentials: Model-X and Model-Y as defined in Section II C. Before describing the simulation results, it is important to discuss the applicability of these two model potentials. In PGNPs, the polymers are grafted to a small inorganic core, and for large thickness of shells, the effect of the inorganic core will be minimal. Hence, the structure should be dominated by the shells and PGNPs are expected to behave like star polymers. The form factor modeling (Fig. (2b) ) for the PGNPs confirms the structural similarity of PGNPs with star polymers. In this context, by varying the functionality f , we have shown 7 that the diameter of the PGNPs scales with f in a fashion expected for star polymers. 5 Hence, Model-X, which was originally developed for star polymers could potentially be used for PGNP suspensions. Model-Y is developed exactly for PGNPs, but the limitation is that the effective force is obtained by simulating not many but only two PGNPs dispersed in a matrix of polymers. Knowing these limitations, we have performed MD simulations using both the models and compared the obtained structural properties with those determined from experiments. For the attractive form of Model-Y (Eq. (13)), we have used the parameters obtained by fitting the force form shown by Meng et al. for ξ = 1/7. 18 For the repulsive power-law form of Model-Y (Eq. (12)), we have performed the simulations for several set of values of model parameters that are close to the values expected for the experimentally studied systems. The results reported below correspond to parameter values for which closest agreement with experimental results was obtained.
In simulations, the structure factor S(q) has been obtained from density correlation function in Fourier space 40 
S(q)
FIG. 4. Comparison of the structure factor of pure PGNP solution, obtained from experiment and simulation using Model-X. The closed circles are the experimental data and the continuous line is the S(q) generated by simulation. ρ n and σ n denote the number density and diameter of the PGNPs. The polydispersity used in the simulation is 20%.
where ρ q is the number density in Fourier space and ⟨· · · ⟩ indicates time averaging. This expression can be rewritten as
where i = √ −1 and r i j is the displacement between the positions of ith and jth particles. Figure 4 exhibits a comparison of the experimental structure factor S(q) of pure PGNP solution with the results of MD simulations based on Model-X. The MD simulations have been performed using the interactions given in Eq. (8) . The S(q) obtained from MD simulation at dimensionless density ρ n σ 3 n = 0.17 compares reasonably well with that obtained in the experiment except for low q. In these simulations, the PGNPs have been assumed to have a size polydispersity of 20%, which is close to the experimental polydispersity in the core diameter (see Fig. 1 ). Polydispersity of the molecular weights of graft and matrix polymers is also known to produce significant effects in the potential of mean force between PGNPs. 48 However, due to the narrow width of the distribution of the molecular weights of the polymers (the polydispersity index of both graft and matrix polymers is ∼1.06), we do not expect polydispersities of graft and matrix polymers to play any significant role in the experimentally studied samples. For this reason, polydispersity of the sizes of graft and matrix polymers was not considered in our simulations. The size of PGNPs, in simulations with Model-X, has been taken from a Gaussian distribution with mean 1.0 and variance 0.20. The S(q) has been determined for all particles as is the case in experimental evaluation of the structure factor. The value of σ n used to bring the experimental results for S(q) (in particular, the first peak position of S(q)) in agreement with the MD results is σ n = 18.55 nm. This value of σ n obtained from the simulation is smaller than the experimentally determined hydrodynamic diameter of the PGNPs. H1-H3. Both the height and the position of the first S(q) peak obtained from simulations are in good agreement with the experimental results. However, the simulation is not able to capture properly the evolution of the second peak of S(q). The value of σ n used to bring the experimental results for q * in agreement with that from simulations is σ n = 17.93 nm, which is close to the value for the case of pure PGNPs. The S(q)'s obtained from simulations exhibit an upturn for small q, which is an indication of the formation of clusters. The values of S(q) at the lowest q values are small compared to the values expected for bulk phase separation. Table V . No polydispersity has been used in simulations with Model-Y. The two S(q)'s are in good agreement with each other except that the simulation is not able to capture the second peak of the experimentally determined structure factor. We have used σ = 3.5 nm to bring the first peaks of the experimental and numerical S(q)'s together, which implies that the size of a PGNP is aσ = 37.07 nm, in reasonable agreement with the experimentally determined value. The systems in MD simulations are homogeneous irrespective of whether we use Model-X or Model-Y. The values of S(q) even at the smallest q are of order of unity, thus removing the possibility of large-scale instabilities or phase separation. The formation of small clusters is visible in snapshots (not shown here) of the system. Also, experimentally on increasing the density of added polymers for H systems, the position of the first peak of S(q) does not change. This is possible only if there is formation of clusters or if the system tends to phase-separate, while simulations clearly eliminate the second possibility.
In real space, the structure of a system can be studied through the radial distribution function g(r), which is related to the Fourier transform of the structure factor, S(q). Fig. 6(a) shows that the position of the first peak of g(r) shifts to the left by ∆ shift = −0.06 (−ve sign for leftward shifting) for H1 case in Model-X simulations. This shift is caused by the presence of depletion forces. The leftward shift is more prominent in going from pure PGNP to H3 case ( Fig. 6(b) ) due to larger polymer matrix density. The value of the shift for H3 case is ∆ shift = −0.15. So, the net leftward shift from H1 to H3 is ∆ shift = −0.09. However, the density of PGNP decreases from H1 to H3 cases from ρ = 0.09σ Fig. 6(c) shows the shift of the peak position of g(r) for pure PGNP A when the density is lowered from ρ = 0.09σ − n 3 in H1 case to ρ = 0.07σ − n 3 in H3 case. The shift is rightward contrary to the shifts in Figs. 6(a) and 6(b) . This shift ∆ shift = +0.10 counterbalances the leftward shift caused by depletion forces in going from H1 to H3. Therefore, the positions of the peaks of g(r) and S(q) are essentially the same for H1 and H3 cases. This suggests that depletion interactions, as predicted for star polymer-linear polymer mixtures, also exist in the PGNPlinear polymer mixtures. Now let us turn to L series systems, i.e., PGNPs in the presence of matrix polymers of size smaller than that of the grafted polymers (ξ > 1). Fig. 7(a) shows the comparison between the structure factors obtained from experiments and MD simulations, using Model-X potential for L1. In the simulations, the polymer to PGNP size ratio is taken to be 0.10 and the PGNP density is ρ n σ 3 n = 0.09. The S(q) generated through MD simulations is in good agreement with the experimental data. Figure 7 (b) depicts the comparison between structure factors obtained from experiment and MD simulations using the Model X potential for L2. The ratio of the numbers of matrix polymers and PGNPs varies from 15 to 70 and PGNP densities of ρ n σ 3 n = 0.03 and 0.04 have been considered in the simulations. For this case, none of the S(q) obtained from MD simulation matches well with that from the experiment. Now let us consider the results of simulations using the effective force of Model-Y. The size ratio of grafted and matrix polymers is larger than unity in the experiment. It is shown in Ref. 18 that for size ratio ξ < 1, the effective force is of Lennard-Jonestype with an attractive well, and for ξ = 1, the force has the form of a repulsive power-law. We have adopted the repulsive power-law for L1 and L2 systems for which ξ > 1. While the value of a for the L1 case is taken to be 1.40, it is 1.50 for FIG. 6 . The peak position of the radial distribution function, g (r ), in simulations performed using Model-X, shifts towards left due to depletion forces when pure PGNPs are immersed in a polymer matrix of different densities [panels (a) and (b)]. This shift is more prominent for the H3 case, where the density of matrix polymer is higher compared to H1. The rightward shift in the peak position of g (r ) due to lowering of density is illustrated in panel (c). The leftward shift due to depletion from H1 to H3 (−0.15 + 0.06 = −0.09) is counterbalanced by the rightward shift due to density lowering (+0.10).
the L2 case. The power b has been taken to be 12 for both the cases. The structure factor for L1 obtained from simulation compares well with the experimental result at low q but fails to capture the behavior near the second peak (see Fig. 7(c) ). The dimensionless PGNP density in the simulation is ρ = 0.20 and the temperature is T = 1.0. Fig. 7(d) of S(q) for L2 case using the power-law form at dimensionless density ρ = 0.09. In the case of L2, the ratio of the number of polymers to the number of PGNPs is larger than that for L1, but Model-Y fails to describe the experimental data beyond the first peak of S(q). The values of PGNP size aσ used to bring the simulation result for q * in agreement with the experimentally observed value are 37.3 nm and 35.2 nm in panels (c) and (d), respectively. The comparisons between experimental and numerical data shown in Fig. 7 indicate that (a) Model-X provides better agreement with experimental data than Model-Y for the L1 sample and (b) the degree of agreement with experimental data decreases for both Model-X and Model-Y as the density of matrix polymers is increased in going from sample L1 to L2 and L3 (data not shown here). Implications of these observations are discussed in Section III D.
C. Effective interaction between PGNPs
In this section, we describe the effective interactions between two PGNPs in the presence of matrix polymers of different densities. The effective interactions between two PGNPs have been obtained from
where the radial distribution function g nn (r) has been obtained using integral equation theory described in Section II D. For the calculation of g nn (r), we have used the potential of Model-X. Fig. 8(a) shows the effective interaction between PGNPs in the presence of matrix polymers with size the same as that of the polymers grafted to the nanoparticles, i.e., similar to H case. The matrix polymer densities 0.016σ
n , 0.023σ
n , and 0.06σ
n correspond to the situations of H1, H2, and H3, respectively. While H1 shows that the V eff (r) is weakly attractive, it starts developing an attractive well with the increase of matrix polymer density, i.e., going from H1 to H2 and then to H3. If the matrix polymer density is further increased, the depth of the attractive well increases as well. In Fig. 8(b) , the effective interactions between PGNPs have been shown for the case where the size of the matrix polymer is 1/10th of that of the grafted polymer (L based systems). The matrix polymer density ρ p = 0.90σ −3 n corresponds to the L1 case. We observe that for this case we have an attractive well of depth of order 0.1k B T. In the case of L2 the matrix polymer density is much higher compared to the L1 case, and therefore, it is very clear from the figure that the V eff (r) has an attractive well of large depth. We have also studied the effect of polymerpolymer interaction on the effective interactions between two PGNPs. Fig. 9 exhibits the V eff (r) between PGNPs with and without polymer interactions for matrix polymer density ρ p = 0.016σ
n and ρ p = 0.30σ
n . In Fig. 9 , pp int = OFF and ON represent the cases when the polymer-polymer interaction is absent and present, respectively. The size of a polymer in the matrix is the same as that of a grafted polymer. From this figure it is clear that while the effect of polymer-polymer interactions on the V eff (r) is negligible at low matrix polymer density, it has considerable effect on the V eff (r) at large density. The depth of the effective interaction is larger in the absence of the polymer-polymer interactions compared to the case when there is polymer-polymer interaction of the form given in Model-X which is basically repulsive. 
D. Microscopic origin of discrepancies
Our MD simulations are able to reproduce the structure of pure PGNP using Model-X and blends with ξ = 0.14 (H series samples) could also be modeled reasonably well using both Model-X and Model-Y. While simulations using both models provide reasonable agreement with experimental results for the L1 case, the agreement deteriorates significantly for L2 and L3. A possible reason why these models do not work for L2 is that the ratio of the number of matrix polymers to the number of PGNPs in the case of L2 is much larger compared to that for L1 and the H series samples. The failure of Model-X in describing the experimentally observed behavior in systems (such as L2) with a large density of matrix polymers may be a consequence of the simple approximation used in this model to describe linear polymers. In Model-X, the matrix polymers are considered to be star polymers with f = 2, with a slight modification of the long-distance part of the interaction between two matrix polymers (Gaussian for f = 2, while Yukawa for large f ). This approximation affects both the interaction between two matrix polymers and the interaction of matrix polymers with the PGNPs. A proper description of these interactions becomes more important as the density of matrix polymers is increased. n and ρ p = 0.30σ −3 n . While at low density the effect of polymer-polymer interaction is negligible, at large polymer density the V eff (r ) is more negative in the absence of polymer-polymer repulsive interactions. The size ratio σ p /σ n = 1.00. Inset: Enlarged plot for ρ p = 0.016σ −3 n . The p p int = OFF and ON means the polymer-polymer interaction is absent and present, respectively.
We have seen that with the increase of the matrix polymer density, the effective interaction between two PGNPs in Model-X develops an attractive well and the depth of this well increases with the increase of chain density. The approximate potentials in Model-X may not be appropriate for describing this extreme situation. As shown in Fig. 9 , the effective interaction between two PGNPs is sensitive to the interaction between polymers at high matrix polymer densities. Therefore, any error in the description of the interactions between two matrix polymers and between a PGNP and a matrix polymer would affect the structure more significantly if the density of matrix polymers is high, as in samples L2 and L3.
For Model-Y, the agreement between numerical and experimental results is reasonably good for samples in the H series. This is not surprising in view of the fact that for these samples, the interaction between PGNPs is of the Lennard-Jones type in Model-Y, which is similar to the effective interaction in Model-X, which provides a good description of the experimental data. For sample L1, the repulsive power-law potential of Model-Y provides a reasonable fit to the experimental data for S(q), but the fit is not as good as that obtained for Model-X. The fits become much worse for L2. The reason for the failure of Model-Y in these cases is not completely clear. It is possible that many-body interactions among the PGNPs, neglected in Model-Y because only two PGNPs in a melt of linear polymers were considered in the simulations leading to this model, play an important role when the density of matrix polymers is high (as in samples L2 and L3). The possible importance of such many-body interactions in this system was mentioned in Ref. 18 .
When we compare the two models, one important contrast is that while for the H series systems with low density of matrix polymers, the effective potential between PGNPs is purely repulsive in Model-X, it is of the Lennard-Jones type with an attractive part in Model-Y. Both models, however, produce similar structure factors that compare reasonably well with experimental results. As the chain density is increased for samples in the H group, Model-X also shows an effective potential with an attractive part, similar to Model-Y. So, it appears that both models are giving the same form of the effective potential at large chain densities. This makes sense as the force in Model-Y is obtained at very large matrix polymer density. For L systems, on the other hand, Model-X shows an effective potential with an attractive part, but Model-Y predicts a purely repulsive potential of inverse power law form. A potential with an attractive part, representing depletion effects, appears to be more physical for samples in the L series. This is perhaps the reason for the observation that the simulation data for the L1 system obtained from Model-X provide a better fit to the experimental data for S(q) than the data obtained from Model-Y. More detailed comparison between the two models is not possible because Ref. 18 considers only cases of ξ = 1 and ξ = 1 7 and a single (large) density of matrix polymers.
IV. SUMMARY AND OUTLOOK
In conclusion, we have studied the structure and effective interactions of suspensions of PGNPs and PGNP-polymer mixtures using the combination of SAXS, MD simulations, and integral equation theory. The main conclusions of the present work are summarized as the following:
1. It is shown that Model-X captures the structure factor of PGNPs reasonably well, further confirming the structural similarity between PGNPs and star polymers as shown earlier. 6 Based on experimental and simulation data of H systems, it is clear that PGNPs in the presence of large size matrix polymers exhibit depletion interaction. As the density of PGNPs decreases going from H1 to H3, the effect of depletion interaction on the structure factor gets counterbalanced by the effect of lowering density. Similar situation should be present for L systems as well where S(q) peak position remains unchanged going from L1 to L2. Hence, for both ξ = 0.14 and 2.76, the PGNPs in the presence of matrix polymers exhibit depletion behaviour, unlike in PNCs where entropic contributions due to graftmatrix interactions dominate the behavior. 2. Both Model-X and Model-Y capture the experimental structure factor for blends with low density of added polymers (all the fraction with ξ = 0.14 and L1). However, for blends with high density of added polymers, neither of the two models is able to reproduce the experimental structure factor, indicating a failure of the models. Model-X treats a matrix polymer as another star polymer with f = 2, with the long-distance part of the interaction changed from Yukawa to Gaussian. This may not be enough to mimic polymerpolymer and polymer-PGNP interactions, especially at large densities of matrix polymers. We have shown that polymer-polymer interaction affects the effective PGNP-PGNP interaction for large matrix density. Hence, it is important to model the linear polymers in a better way if the density of matrix polymers is high. This could be a reason why Model-X fails at large matrix polymer density but works for low matrix polymer density. For Model-Y, the effective forces might be different when more than two PGNPs are present, especially at large matrix polymer density, which may lead to many-body interactions among the PGNPs.
Our investigation suggests that a new model is required to study the diversity in the structure of PGNP and PGNPpolymer mixtures, especially at intermediate and high polymer densities.
